ABSTRACT N-doped carbon materials have been triggered huge interest as the alternative electrocatalysts to replace noble metals. The intrinsic unit activity of N-doped carbons cannot yet match that of metals, but by maximizing carbon's extrinsic surface areas to increase the number of active sites, the apparent performance of N-doped carbons can be substantially promoted. Herein, polydopamine was first employed to derive N-doped mesoporous carbons (NMCs) by a facile hard-templating method. The newly developed NMC-900 displays highly catalytic efficiency towards oxygen reduction reaction (ORR) comparable to that of Pt/C and superb stability greatly surpassing Pt/C, which can be attributed to its fascinating componential and structural features. The componentially favorable graphitic N and pyridinic N afford highly efficient and stable metal-free active sites towards the ORR. The structurally large surface areas (536 m 2 /g) together with wellaligned 3D mesoporous architecture provide the sufficiently exposed active sites and unimpeded reaction channels for the ORR. Our finding would advance knowledge for the rational design of future high-performance carbon electrocatalysts.
Introduction
Over the past decades, electrochemically renewable energy conversion and storage have been keenly pursued to meet the challenge of global warming and dwindling fossil fuels [1] [2] [3] . However, the scarce and nondurable noble-metal electrocatalysts were popularly used, such as Pt in the oxygen reduction reaction (ORR) [4] [5] [6] [7] [8] and hydrogen evolution reaction (HER) [9] [10] [11] and Ru and Ir in the oxygen evolution reaction (OER) [12] [13] [14] . To search superior alternatives to replace these noble-metals, two key factors that govern catalytic activities have to be considered simultaneously: the intrinsic unit activity of active sites and the number of exposed active sites (specific surface areas) [15, 16] .
At first, large amount of electrocatalysts with metal species as the active sites have been developed for electrochemical reactions [17] [18] [19] [20] . However, in practical implementation, one significant drawback associated with metal-based catalysts is easily and unavoidably deactivated caused by different degradation mechanisms during long-term catalytic process, such as fouling, chemical poisoning, sintering and leaching [21] [22] [23] . On the other hand, the metal-free N-doped carbon materials have sprung up rapidly in last few years, due to the low cost, and particularly high stability of carbon active sites without similar deactivation and fuel crossover problems [4] . The intrinsic unit activity of N-doped carbons cannot yet match that of metal benchmarks, but by optimizing the extrinsic surface areas to increase the number of active sites, the apparent performance of N-doped carbons can be promoted to the levels that is comparable to or even outperform that of metal-based catalysts [16] .
So far, N-doped carbons have been significantly developed, especially based on the 2D graphene or 1D carbon nanotubes, but the poor tunability of surface areas limited their performance to the levels of metal counterparts [24] [25] [26] . 3D N-doped mesoporous carbons 4 (NMCs) seem to be an ideal choice owing to their extraordinarily high surface areas and 3D pore microstructures [27, 28] . Currently, some N-containing precursors, such as aniline [29] , pyrrole [30] , and o-phenylenediamine [15] , have been employed for doped mesoporous carbons using the straightforward hard-templating approach. However, the certain polymerization catalysts are necessary in harsh reaction conditions. Dopamine (DA) can self-polymerize under alkaline condition to produce a continuous film of polydopamine (PDA), which can deposit on the surface of any substrate [31, 32] . Compared with aforesaid precursors, DA is nontoxic and the polymerization reaction can proceed in a mild condition in lieu of extra catalysts. Recently, we have reported that PDA/graphene and PDA/carbon nanotube nanocomposites can be applied to derive single-and dual-doped carbons as novel highly efficient eletrocatalysts for ORR, OER and HER [26, [33] [34] [35] . However, PDA has never been explored for the fabrication of NMCs.
As a continuous study, we herein first report the facile synthesis of PDA-derived 3D NMCs using the hard-templating method. The resulting metal-free NMCs have remarkable componential and structural features, including in situ formed favorable N species, large surface areas and well-aligned mesoporous structures, which render the NMCs as more favorite candidates in their electrochemical applications as evident from their superior ORR performance comparing to commercial Pt/C. 
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In a typical experiment, 200 mg SBA-15 was mixed with 400 mg DA dissolved in 180 mL DI water. The mixture was sonicated for 10 min, 20 mL PBS buffer (0.4 M, pH = 8.5) was added, and the mixture was then stirred for 24 h at room temperature. The container was covered with aluminum foil with several small holes. The PDA/SBA-15 hybrids were obtained by centrifugation and washing with water for three times.
Carbonization of PDA/SBA-15 hybrids.
The as-prepared hybrids were carbonized in a temperature-programmable tube furnace under N2 atmosphere at 400 o C for 2 h with a heating rate of 1 o C min -1 , which was followed by further heat treatment at 900 o C (800 or 1000 o C ) for 3 h with a heating rate of 5 o C min -1 .
Synthesis of N-doped mesoporous carbons (NMCs).
The silica templates were etched out by 2.0 M NaOH at 80 o C for 24 h to obtain the NMCs, and this procedure was repeated three times for removing silica template completely. The collected powder was washed with water for several times and dried under vacuum at 80 o C.
Materials characterization
Fourier transform infrared (FTIR) spectra were collected on the transmission module of a Thermo Nicolet 6700 FTIR spectrometer at 2 cm -1 resolution and 64 scans. TEM (transmission electron microscopy) images were acquired on a Talos F200X G2 microscopy.
TEM elemental mapping was obtained through the EDAX detector attached to the Talos F200X G2. The Raman spectra were collected on the iHR550 from HORIBA Scientific equipped with a 532 nm solid laser as the excitation source. X-ray diffraction (XRD) was 6 performed on the Miniflx-600 (Rigaku Ltd.) under ambient condition using a Cu Kα X-ray.
XPS analysis was conducted on Axis Ultra spectrometer (Kratos Analytical Ltd.) with monochromated Al Kα radiation at ca. 5×10 -9 Pa. Nitrogen adsorption-desorption isotherm was collected on the Tristar II (Micrometrics) at 77 K. Pore size distribution was obtained by the Barrett-Joyner-Halenda (BJH) model using the adsorption branch on isotherm. The specific surface areas of the materials were calculated using the adsorption data at a pressure range of P/P0 = 0.05 -0.3 by the Brunauer-Emmett-Teller (BET) model.
Electrochemical measurements
For the electrochemical tests, 2 mg of the catalyst was dispersed in 1 ml DI water. The mixture was slightly ultra-sonicated to obtain a homogenous catalyst ink. To prepare the working electrode for electrochemical measurements, 20 μl of the ink was dipped on a mirror polished glass carbon electrode. 5μl of 0.5 wt. % Nafion aqueous solution was then dropped on the electrode and dried at room temperature. After that, the working electrode was inserted into a three-electrode cell setup, which is composed of a platinum counter electrode, an Ag/AgCl/KCl (4 M) reference electrode in a glass cell containing 100 ml 0.1 M KOH aqueous electrolyte. A flow of O2 was maintained over the electrolyte solution (0.1 M KOH) during recording electrochemical data in order to ensure its continued O2 saturation. Cyclic voltammogram (CV), linear sweep voltammogram (LSV), and rotating disk electrode (RDE) tests were carried out using a glassy carbon rotating disk electrode.
The scan rate of CVs was kept at 50 mVs -1 while that for the LSVs and RDE tests was set to 5 mV s -1 . The data were recorded using an electrochemical analysis workstation (CHI 760C, CH Instruments, USA).
The Koutecky-Levich plots were obtained by linear fitting of the reciprocal rotating speed versus reciprocal current density collected at different potentials form -0.4 to -0.8 V. The overall electron transfer numbers per oxygen molecule involved in a typical ORR process were calculated from the slopes of the Koutecky-Levich plots using the following equation:
where jk is the kinetic current in amperes at a constant potential, ω is the electrode rotating speed in rpm, and B is the reciprocal of the slope, which was determined from the slope of KouteckyLevich plots based on the Levich equation as followed:
where n is the number of electrons transferred per oxygen molecule, F is the Faraday constant 
where Id is the disk current and Ir is the ring current.
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The stability and resistance to methanol crossover effect were tested in the same setup as that for the RDE test in O2 saturated 0.1 M KOH aqueous electrolyte and were performed at a static potential of -0.5 V and -0.2 V, respectively, for the chronoamperometry at room temperature.
Scheme 1.
Fabrication of PDA-derived NMC-900. SBA-15 was first mixed with DA in PBS buffer to obtain PDA/SBA-15 hybrids. After the pyrolysis at 900 o C and etching in 2M NaOH, NMC-900 was facilely obtained.
Results and Discussion
As shown in Scheme 1, self-polymerization of DA within the pores of SBA-15 was carried out in PBS buffer (pH~8.5) to obtain PDA/SBA-15 hybrids, which were then pyrolyzed and etched to derive the NMCs. Different pyrolysis temperature of 800, 900 and 1000 o C were employed, but 9 the NMCs were only achieved at 800 and 900 o C, the corresponding NMCs were designated as NMC-800 and NMC-900, respectively.
The microstructures of the NMCs were examined by TEM. The well-defined linear array of mesoporous structures is observed for both NMC-800 and NMC-900, well inheriting the geometric morphology of the original SBA-15 templates ( Figures 1A, 1B , and S1-S3) [5] .
The enlarged view of the TEM image ( Figure 1C ) shows highly-organized mesopores of ~ 4 nm and continuous thin walls with the thickness of ~ 5 nm, which can be further confirmed clearly through high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) ( Figure 1D ). Apparently, the formation of thin walls benefits from the unique capability of PDA, i.e., PDA can create continuous thin films easily.
Typical elemental mapping images of NMC-900 ( Figures 1E-1H has a lower ID/IG ratio (0.97) than that of the NMC-800 (1.07), indicating its higher graphitization degree and better electrical conductivity. Obviously, the higher pyrolysis temperature is conducive to a better mesoporous carbon structure (higher surface areas and better graphitization). Accordingly, 1000 o C was employed to pyrolyze PDA/SBA-15, but 10 no porous structure was observed. That might be caused by the fact that more carbon are burnt off at a higher temperature and thus leads to structural collapse of mesopores. XPS survey scan indicates the presence of carbon, nitrogen (3.0 %) and oxygen (9.1 %) in NMC-900 ( Figure 2B ). Additionally, the high-resolution N 1s spectra can be deconvoluted into three peaks centered at 398.1, 400.7 and 402.9 eV, which can be assigned to pyridinic N (0.9 %), graphitic N (1.8 %) and oxidized N (0.3 %), respectively ( Figure 2C ) [36, 37] . To evaluate the catalytic activity of these nanostructured metal-free NMCs, ORR was employed as a model reaction, which is a cornerstone reaction that typically operates in fuel cells, metal-air batteries and chlor-alkali electrolysers [38] . Cyclic voltammetry (CV) was conducted in both O2 and N2 saturated electrolytes (Figures 3a and S7 ). As shown in Figure 3a , when the electrolyte was saturated with N2, a quasi-rectangular 13 voltammogram without obvious redox peak is obtained for NMC-900 due to the typical supercapacitance effect on porous carbon materials [6] , and while one well-defined characteristic ORR peak, centered at -0.18 V with a reaction current of -2.8 mA cm -2 , can be observed in O2-saturated solution. Compared with NMC-800, the peak potential for NMC-900 is more positive than that of NMC-800 (-2.3 V), and the ORR reaction current on NMC-900 is apparently higher than that on NMC-800 (-2.2 mA cm -2 ), suggesting a more facile ORR process on the NMC-900.
A series of linear sweep voltammograms (LSVs) were collected on a rotating disk electrode (RDE) at 1600 rpm ( Figure. 3B ), which further revealed the lower onset potential and higher ORR current density on NMC-900 than NMC-800 electrodes, consistent with the abovementioned CVs results. Noteworthy is that the onset potential on NMC-900 is nearly identical to that on commercial Pt/C catalyst. At -0.6 V, NMC-900 shows an ORR current density of -5.2 mA cm -2 , higher than that of NMC-800 (-3.9 mA cm -2 ) and Pt/C (-4.6 mA cm -2 ), indicating outstanding ORR activity on NMC-900. Impressively, the diffusion-limited current plateau of Pt/C at -0.4~-0.8 V was not observed on both NMC-800 and NMC-900, principally attributed to the large surface area and 3D mesoporous structures of the NMCs, which can provide abundantly exposed active sites and unimpeded diffusion channels for the ORR process. To further prove that, the ORR activity of 2D Ndoped graphene (NG) and 3D CMK-3 were examined ( Figure 3B ). NG has the N-doped active sites but no mesoporous structure [25] , while the case for CMK-3 is contrary [5] .
Expectedly, both of them exhibit poor ORR activity compared with NMCs, indicating the large number of exposed active sites and benign porous structure are two indispensable factors for a good ORR electrocatalysts.
14 The rotating ring-disk electrode (RRDE) technique was further employed to quantify the ORR efficiency by monitoring the formation of intermediate peroxide species
during the ORR process ( Figures 4C and 4D ) [39] . Remarkably, only 13-17 % H2O2 yields on NMC-900 over a wide potential range from -0.2 to -1.0 V, corresponding to the electron transfer number (n) from 3.7 to 3.9. On the other hand, NMC-800, its n ranges from 3.3 to 3.7, gives ∼10 -35% H2O2 under identical conditions. These results indicate the highly electrocatalytic efficiency of NMC-900 with a 4e -dominated pathway. and Pt/C in O2-saturated 0.1 M KOH solution before and after addition of 3 M methanol.
Furthermore, the long-term stability of NMC-900 and commercial Pt/C was assessed through chronoamperometric measurement in O2-saturated 0.1 M KOH. As shown in Figure 4A , NMC-900 exhibits a very slow attenuation over 20 h, retaining 97.2 % of the initial current, whereas Pt/C shows nearly 40 % loss of its initial current over the same time period, confirming the outstanding ORR stability of carbon active sites in alkaline environment. Additionally, the methanol crossover effect was also evaluated on both NMC-900 and Pt/C ( Figure 4B ). After adding 3M methanol to the electrolyte, the original cathodic ORR current of NMC-900 remains almost unchanged, whereas the corresponding current on Pt/C instantaneously shift from a cathodic ORR current to a reversed anodic current owing to the methanol oxidation reaction on Pt/C. The remarkable stability and excellent selectivity of NMC-900 make it highly promising as an ORR electrocatalyst in practical applications.
Conclusion
In conclusion, by means of robust PDA chemistry, a novel family of 3D N-doped mesoporous carbons has been fabricated via an easy hard-templating strategy. The resultant carbons possess in situ formed favorable N components, well-organized mesoporous structure and large surface areas, and thus exhibit an outstanding performance with superior activity and extreme durability in ORR. Considering the versatile physicochemical property of PDA, our work sheds new lights on the design of PDA-based heteroatom-doped or metal-N decorated carbon materials, which would be highly promising alternatives to noble metals in future electrocatalytic applications.
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